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COOLING OF GAS TURBINES
I - EFFECTS OF ADDITIOR OF FINS TO BLADE TIPS
AND ROTOR, aDMISSIONIOF COOLING ATR THROUGH PART OF
. NOZZLES? AND CHANGE IN THERMAL CONDUCTIVITY
OF TURBINE COMPONENTS
By W. Byron Brown

SUMMARY

An analys;s was developed for. calculating the radial tem}era-.
ture distribution in & gas turbine with only the temperatures of
the gas and the cooling air and the surface heat-transfer coeffi--
cients known. This analysis was applied to determine the tempera-
tures of g complete whesl of a conventional single-stage impulse
exhaust-gas Eurbine The temperatures were first calculated for
the case of the turbine operating at design conditions of speed,
gas flow, eta. and with only the customary cooling arising from
exnosure of the outer blade flange and one face of the rotor to
the air. Calculations were next made for the case of fins applied
to the outer blade flange and the rotor. Finally the effects of
using part of the nozzles (from O-tc_éo_ﬁercent) for eupplying
cooling air and the effects of varying the metal thermel conduc-
tivity from 12 to 260 Btu per hour per foot. per OF on the wheel
temperatures were determined. The gas temperatures at the nozzle
box used in the calculatione ranged from 1600° F to 2000° F.

The resulte showed that if more than a few hundred degrees .
of cooling of turbine blades are required other means thaen indirect
cooling with fins on the rotor and outer blade flange would be nec-
essary. The amount of cooling indicated for the type of finning
used could produce some improvemwent in efficiency and a large
increase in durability of the wheel. The resulte also showed
that if a large difference 18 to exlst between the effective
temperature of the exhaust gas and that of the blade material,
ag must be the case with present burbine materials and the high
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exhaust-gas temperatures desired (2000° F and above), two alternatives
are suggested: {(a) If metal with a theimal conductivity comparable
with copper is used, then the blade temperatures carn be reduced by
strong cooling at both the blade tip and root. The center of the
blade will be less than 200° F hotter then the ends; (b) With low
conductivity materials some method of direct cooling other than
partial admission of cooling air is essential. From this study,

it can be deduced that indirect cooling of turbine blades will not
wake possible large incroeases in effectlve ge8 temperature

INTRODUCTION = | T —

The power and the elficiency of compressor-turbine units are
limited by the allowable gae temperature, which in turn 1s restricted
by the strength and the duraebllity of the first-stage rotor blades
where the combination of high temperatures and high stresases produces
the severest strains. With present blade materials, soms method of *
blade cooling is required to permit further increases in gas tempera-
tures. . -

Blades may be cooled (&) indirectly, by reducing the tempere-
ture at the blade root (wheel rim) or at the blade tip (eilther method
causes the blade 1tself to be cooled by conduction); or (b) directly,
by forcing air or liguid past the blade surfaces of through passages
within the blade (reference 1).

In the analysis of the cooling of gas turbines, the effscts of
various cooling systems, types of blade, thermal conductivities,
heat -transfer coefficients, and coclants on the over-all performance
of compresgsor-turbine units and the increase in allowsble gas tem-
perature will be considered. ‘ '

In the present report, an analysis for calculating the approxi-
mete radial temperature distribution in the cowponente of a gas-
turbine wheel is presented in which only the cooling-alr and gas
temperatures and the surface heat-transfer coefficients have to be
known for application. The analysis is applied to determine the
whoel temperatures for the cases of customary cooling of the outer
blade flange and one face of the rotor by air and for addition of
circumferential fins to the outer blade flange and the rotor. The
effects of using part of the nozzles for edmitting cooling air
(usually called partial admission) and variation of thermal conduc-
tivity of the mctal used in the wheel on the temperatures are alsoc
determined by use of the enalysis. The calculations were made for
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gas temperatures at the nozzle box of 1600° F, 1800° F, and 2000° F,
thermsl conductivities from 12 to0.260 Btu per hour per foot per OF,
ard partial admission of ccoling air using O percent, 13 percent,

26 vercent, and 40 percent of the nozzles. Both fine and partial
admisgion of cooling alr were used simultasnecusly. The conductivity
effect was determined first by changing only the blade metal and
second by changing the metal of the whole wheel.

a3
4o

qi'

SYMBOLS
average cross-gectional area of blade, (sq ft)
average cross-gsectional area of rctor, (sq ft)

integration constants .

effective mean temperature of cooling alr and exhaust
gas, (°F)

Bessel functions
thermal conductivity of metal, (Btu)/(hr)(sq £t)(CF/ft)
average blade length (excluding flangs), (ft)

ratio of number of nozzles used for cooling air to number
used for exhaust gas

number of blades
blade perimeter, (ft)

heat-transfer coefficlent from exhaust gas to blade,
(Btu)/(hr)(sq £t)(°F)

heat -transfer coefficient from blade flange to cooling
air, (Btu)/(hr)(sq £t)(°F)

apparent heat-transfer coefficlent from hot alr to blade

2A - ty,
T 43, (Btu)/(br)(aq £1)(°F)

flange, N



90

gﬂ

2

Ce ' g NACA RM Fo. E7Blla
heat-transfer coefficient from rotor surface to cooling
air, (Btu)/(hr){seq £t)(°F)

modified ¢, for partial admission of cqoling air,
(Btu)/(hr) (sq £t)(°F)

radial distance from rotation axis, (ft)

time heat comes in from exhaust gases (partial admission),
(hr) '

time heat goes out to cool air, (hr)

average blade thickness (24,/p), (ft)

average rotor-rim thickness, (ft)

temperature, (°F)

temperature of cooling air, (°F)

effective temperature of exhaust gases (temperature that
%ggﬁrmines heat flow from ges to blade)(ref. 2, p. 3),

temperature at wheel rim, (OF)

distance from blade tip to general blade point, (ft)

distance from flange tip to general flange point, (ft)

temperature difference between cdoling alr or exhsust gas
and metal, (°F)

flange length, (ft)
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ANALYSTIS OF TEMPERATURE DISTRIBUTION
Blade Tempsratures

The assumed blade shape is shown in figure 1{a). The area and
the perimeter are assumed uniform and the thickness is agsumed small
in comparison with the other dimensions. At each blade tlp 18 a
flange, the outsilde of which 1s exposed to cooling air. The flangs
extends to the next blade to form a nearly contimious rim around the
outer end of the blades. The thickness of the flange ls the same as
that of the blade. The assumptions uged in the calculations for
this blade are as follows:

(1) The flange temperatures are approximated by the arrangement
shown In filgure 1.

) (2) The temperature changee in other than the radial direction
are neglected.

(3) The variations in area, perimeter, thermal conductivity,
and heat-transfer coefficlent are negligible for any given section;
that is, constant mean values can be used.

(4) The effect of radiation 18 negligible.

{5) At the Junctions of the various sections, temperature and
heat flow are continuous but temperature gredients are not continuous
at aresa discontinuitles.

The flange can be considered as a plate of constant area and
equations based on that agsumption will give the same temperature
distribution in the blade proper as will the use of assumption (1).

From consideratione of symmetry, it is clear that midway between
the two blades, that is, at esach end of the flange, at/dy = 0
because there can be no heat flow acroes these sectlons.

An elmost equivalent arrangsment, as far as temperature distri-
bution is concerned, 1s shown in filgure 1(b), where the flange ends
are folded back along the x-axls instead of along the y-axis. Thus,
the heating and the cooling surfaces are the sams as for the
arrangement shown in figure l(a) but the equations for the flange
and the blade proper can be fitted together mors esaslly.
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dx . (fig. 1(b)) (blade width is

assumed large compared with ty so that it has the value /2),

aT

Heat entering left sides by conduction = -k 2ty d—;%’-

Hoat entering from hot gas =
where qi’ is q4 modified for blade

Heat leaving right side by conduction

Heat leaving to coollng air

When the heat entering the element is
slement,’

q;" 2ax (T, - T) %

thickness.

/

. am
=Q-1: 2ty = —k th 4T a::) 2

qOZd_x(‘I’-Ta)g-

I

equated to the heat leaving the

aT aT 4T
-k 2ty =+ g 2dx (Tg -T) = -k 2ty —= -k 2%y == 4% + g, 2dx (T - Ty)
: ax .
2 T
T Gty LTt T
axa ety kty,
2
g.__:}_:‘ — [J.2T= -0-72
axe
where
4o + a4’
H o=l
Kby,
y - 90 Tg + qy' Tg
Kty
A convenient solution is
T =F + G cosh pu (x + A) (1)
where
F Ao Tg + q3' Tg

T
O + qi
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and the assumed boundary condltion on the left end 1s
aT/dx:= ©
when
X = -\

For the blade proper, from x = 0 to x = 1, the heat equation is -

2
ace
- - 2]
ty k > dx g4 2dx

wheres

or

where

2 _ 241
V_kt.b

A suitable solution of the foregoing equation is

T, -T=20C[coshv (x -B)] (2)

g

Rim and Rotor Temperatures

The rim and the rotor of the turbine wheel are solid disks.
The difference in shape (fig. 1{(c)) lies in the fact that the rim
hes a uniform thickness in the axial direction, wherecas the rotor is
usually of constant strength with variable thickness. -In many cases
this variation is of such a nature that the ares normel to a radius
from the rim to a point where the constent-strength contour 1s
sbandoned 1s approximately constant; that is, as the radius incrsases,
the thickness decreases in approximately the same proportion.
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An element of the rim to be considered is 2xr t,. dr.

Fa d aT
Heat entering the outer surfacé of elsment = k2xt (rudrﬂ- T ) dr]

Heat leaving from one side surface element = (2nr dr) q5' (T-Tg)

Heat. leaving inner surface of element = st,r gz

If 6 is substituted for T - T, -and the heat leaving the
element is equated to that sntering, the reésulting equation becomes

% 148 q.' .
e p 22 g

ar? " rar kb,

The solution of this equation 1s given in reference 3 (equations (65)
and (53)) as

o S 1 o\, & i Lo’ (3)
- &=D JO I‘f\-:k_-a-; +__;iH0 r E‘E; 3

In the varisble thickness soction, the flow area A, (=2xr ).
ls constant resulting in the following heat balance:

Heat entering outer surface of an element A, dr s

/a6 a2e >

kA =+ 5 dr
r\dr drz
Heat leaving ome slde = 2xr dr qo' 8

12}
Heat leaving inner surface = k AL gr

When the heat entering the element is equated to that leaving
end the equation is simplified

E:azre
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where
2r '
%
kAn
A solution is

-7, - /2 5 41/3 Ty (@/3 @ 1v5/2)

= /2 p 11/5 T3 /AB/3 1x3/2 ,\/zzqz' )

aefter application of the boundary conditicn

aT _ o

ar
when

I‘::O

These Bessel functions are tabulated in reference 4.

Validity of Assumptlons

Equations (1), (2), (3), and (4) give the complete temperature
digtribution throughout the turbine In & radial dlrection in terms
of the exhaust-gas and the cooling-alr temperatures, the surface
heat~transfer coefficients, thermal conductivity, and the turbine
dimensions subJect to the assumptlions made.

The examples for which calculations were made show small temper-
ature changes through the thickneas of the blade because the blades
are thin. Between the leading and the trailing edge of a turbine
blade, a large temperature difference exists, In some cases S50° or

60° ¥, which is probably dus to hot gas temperatures at the leading
edge and perhaps large values of ¢35 caused by direct impact. The
equations glven are for temperature changes down the blade center,
which result in mean values.

The veriations in arsa, perimeter, conductivity, and heat trans-
fer are not large in most cases. Four different values are permla-
sible, one in each region; therefore, values ars avereged over only
a smell region and not over the entire turbine. Finer subdivisions
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can be uged 1f necessary. If a large taper exists on a blade, equa-
tion (2) can be modified to agree with the law of taper. TFor the
rotor, ¢o would be expscted to vary with the velocity of the air
relative to the rotor. When qg varies with xr in a regular way,
equation (4) can be modified.

The effect of radlation is to modify the values of F, Tg, Hs
and v 1in equations (1) and (2). With assumed values for a conven-
tional type of blade, the effect on F and Tg wves negligible. The
effect on py and V is larger, of the order of 10 percent Iln cne
cage, but allowancts can be made for this effect by Iincreasing the
value of .94y by a constant amount for each temperature; thorefore
the form of the equation will not be affected. An estimated amount
could be added to the value of g4 *to corract for the radiation.

The arsee changes are not actually discontinuocus but the flllets,
a8 a rile, do not have large radll. Accordingly, it is simmler to
use assumption (5) because the errors caunsed by this procedure will
raplidly disappsar as the distance from the Junction polnt increases.

Effect of Incre&assd Cooling dn the Temperaturs Distribution

In the case of alr-cooled engines, the over-all heoat transfer
is increased by attaching fins to the outslds surface of the cyl-
inders. Thus, by the addition of fins the over-all value of q,
can te increased to several times ite value without fins. The same
method can be uged for turblne parts whére there is room for the
fina either on the rotor or on the blade rim. The blade proper can-
not be cooled by fins but only by partial admisslon of cool alr or
by circulating cool fluids through hollow openings inside the blades.
For cooling by partial admission of alr, squation (2) is modified
as follows: In the steady-flow state, the heat entering an element
of blade length dx In time 75 18 qi p (T8 - T) T4 dx. The heat

lost in tims T, is q, p (T - T,) T, dx. The total ges flow is
unchanged; therofore tre gas velocity and hence Eb will be larger
than before. .- - -

The difference hetween these two veluas is the net heat gained,
which is equal to the difference botwesn the heat cntering ons cnd
of element dx and that leaving the other end in time T, + Ty,

Pay Ty (Tg ~T) =B qy Ty (T - Tg) = -k &y (73 + 75) =
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or
2 .
T .2 7= -0 M2
dx2a
where T
MZ___ P q'iT1+a-OTO
. . , ) k Ab T1 + To
kAba l+1_']...
and
" 4y Tg +.0 G Ty )
4, + 0 gy
’ - Tg+nTy (ﬁb/@i) . S

(aq )
1+n (T fa,)
A solutlon-of this equation is
®-T=0Ccosh M (x -B) (5)

When eguation {5) 1s substituted for equation (2), the tempera-
ture distribution can be celculated. When n = 0, equation (5)
becomes ldentical with egquation (2). . i

APPLICATION OF ANALYSIS

The foregoing analysis 1s used to. determineg the effect on blade
temperatures of varying amounts of cooling applled. to the flange on
the blade rim, with a fixed temperature at the blade root, The
following section presents the temperature distribution through the
turbine as calculated for a small amount of -ecooling -without fins, -
for four times as much cooling obtained with fins (Iimited to four
to avoid bending stresses in the fins exceeding 30,000 1b/sq in.),
and for partial admlssion of cool alr both with and without fina. -
The dimensions of a conventional single-stage impulse exhaust turbine
are used in these calculations. The turbine 1s assumed to be
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operating at an altitude of 25,000 feet, where T, = -319 F and the

ratlio of sea-level pressure to altitude pressure 15 2.7. Wheel speed v
is assumed to be 21,300 rpm. '

2A -t

Effect of Flapge Ceoling and Thermal Conductivity

on Blade Temperatures

The following'data are assumed for cooling without fins:

1.2 inches = 0.1 foot R : -
14.5 (Btu)/(eq £t){hr)(°F/ft)(vVitallium)

0.0657 inch = 0.,00548 foot

44.2 (Btu)/(hr)(sq ft)Y(°F) (Tiis value wag obtained from refer- .

ence 5 using a gas flow of 2.12 1b/sec.)

ity = 35,0 (B60)/(a)(sq FR)(OR) -

3009 “F . . e . : — —

15230 F (found from the nozzle-box temperature of 2000° F by
uging the expansion ratic 2.7 and the gas velocity relative
to the rotating blades)

44.2 (Btu)/(hr)(eq ft)(°F) (This value was obtained from

Reynoldes analogy, using appropriate flat plate values of
the friction coefficient.)

0.135 inch = (.1125 foot

() (24.2)

35.4 (v = 3. 34)
(14.5) (0.00548)

4.5 + 33.9 . )
= 31.08 (uh = 0.3493
(14.5)(0.00548) (s 3493) | o

(-44.2)(31.0) + (33.9)(1623) _
44,2 + 33.9

6870 ¥
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Equations (1) and (2) can be solved for the three ‘constants G,
B, and G from the boundary conditions when x=1, T="T, o3 ‘and

when 'x = 0, T {from equation (1)) = T (from equetion (2)) and the
heat flowing out of the flange is equal to the heat flowing into the

blade, that is,
ar\ . dT\
2 'bb (—-) tb
T ax/p

or
2 Gu sinh p) = CY sinhvB : - {8)
The f_rst tWO conditions glve . _
Tg - Tp=¢C [coshv (1 - B)] o : (7_)
‘and ’ | ‘
F+ Goosh uh = Tg - C éosﬁ B | (é)

The elimination of C and G by the use of equations (6) and
(7) gives S

(2)

- Tg - Ty ][v sinh B ]_ T (Tg - .Tp) cosh vB
Lcoshv(z - B)JL2u tenh pAl 8 cosh v (1 - B)
which 1s solved for B

T, -

—‘g-——-cosh v -1
Tg - T
tanh VB = ——- —
T, -F o
v + & ~ ginh v1

2u tanh pA Tg - T?-
When the assumed values are substituted

0.402 7 or 0.0402 foot ., 7I™ "

B =
C = 192.6° F
G = 516° F
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When these values are substituted in equations (1) end (2), the
curve for the blade temperatures obtained without fins can be found.
It is plotﬁed.in.f;gpre 2 ag a 801lid curve. The other three solid
curveg were found by setting

do = O (without flange cooling)

4o = 4 X 44.2 (fina on flange and freec-air cooling)

45

Other amounts of cooliﬁg would gilve rise to intermediate curves.

o (infinite cooling; limiting case for flange cooling)

A slmilar set of curves (dashed lines in fig. 2) was computed
with twice.the value for the heat-transfer coefficlent, that is,
with q; = 88.4 ana qi' = 67.8. A temperature-distribution curve
was computed for copper, a high-conductivity (k = 260) metal, using
a high heat-transfer coef{icient . (a3 = 88:4). 'Other conditions were
the same (fins on the flange). The curve is also shown in figure 2.

Temperature Distribution through the Turbine

The assumed conditions for the.turbine wheel are ss follows:

number of nozzles = 38

A, = 14.96 square -inches = 0.1039 square foot

k

12.1 (Btu)/(hf)(sq ft)(9F/ft) (owing to lowsr temperature of
rotor) o

do' = 36.7 (Btu)/(hr)(se £t)(°F) (This value is less than g, because
the velocity of this part of the wheel is less than that of
the blade  tips.)

= 0.69 inch = 0.0575 foot

ct
|

area of outer rotor section _
area of blade ~.§'330

area of equal-strength section of rotor _ 0.822
arsa of inner rotor section :
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The radial distance at the point where the constant-area sec-
tion Joins the constant-thickness section is 4.2 inches or
0.3500 foot. The point where the blades léave the constant-thicknese
rim is 0.3983 foot. The value of x is 0.4983 - r. At the three
Junction points, r = 0.3500, r = 0.3983, r = 0.4983 foot, the
temperatures and the heat flows must be continuous; therefore, six
equations are obtained to determine the six integration constants
B, ¢, D, X, G, and A.

The results of. these calculations are shown in figures 3 to 5.
The curves for cooling without - fing were computed using the values
Qo = 44.2, qo' = 36.7, and qi = 44.2. The curves for cooling
with fins were computed using the values g, = 4 X 44.2,
Qo' =4 X36.7, and ‘q4 = :44.2. The three exhaust-gas temperatures

used were 2000° F, -1800° F, and 1600° F, which correspond to
effective exhaust-gas temperatures’ Ty of 1623° F, 1452° F, and
1281° F, respectively. By substitution of equation (5) for equa-
tion (2), the effect of vpartial sdmigelon of cooling air can be
found. This effect is shown in figures 4 and 5. :

Three additional caleulations were made using a value of

@4 = 2 X 44.2; these curves are plotted in figure 6 and show the
temnerature distribution through the turbine for various wvalues of
k in the rotor and the blades. . The curve with the highest pesk
uses k = 12 In the rotor and k = 14.5 in the blade; the next
has Kk = 12 in the rotor end ¥k = 260 in the blade; the curve

with the lowest peak uses k = 280 throughout the turbine. These
last calculations were made to find what could be expected from
copper in an unfavorable case.

DISCUSSION OF CURVES

Figure 2 shows that, when no cooling is used on the flange,
the blade tip is the hottest spot, and the temperature of this hot
epot is quite near the effective exhaust-gas temrerature. Whenever
cooling is apnlied to the flange, the hpttest spot is a point not
far from the blade center, the exact loéation of which depends on
the amount of flange cooling used. The more flange cooling that is
applied, the nearer the hot spot moves toward the blade root. When
infinite cooling is applied, the hot spot is about three-eighths of .
the blade length from the root. The high heat-transfer coefficient
raises the hot-prot temperature considerably; with infinite cooling
from 1210° F to 1410° F. When copper (k = 2€0) is substituted.
Por Vitellium (k = 14.5), the temmerature through the blade becomes
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much more nearly uniform and the hot spot is hardly noticeable, being
only slightly hotter than the outer half of the blade. The hot ~gpot
temperature ie about 1070° F as compared with 1480° F for Vitallium
(q1 = 88.4 and fing on flange).

The curves of temperature distribution throughout the entire
turbine (figs. 3, 5, and 8) show that the fins on the wheel cool 1t
very markedly, close to the cooling-air temperature near the center.
The wheel rim (blade root) can alsoc be kept fairly cool — 8000 F
with fins for the hottest exhaust-gas temperature (20000 F) (fig. S5)
ag compared with 990° F without fins (fig. 4). The hot spot is cooler
in the first case (1310° F) than in the second (1450° F). If cooling
is expressed as a percentage of the. temperature difference between
the hot gas and the cooling air, these values becomé 8-percent cooling
for the hot spot and ll-percenmt cooling for the blade root.

When coolling by partial admission using 40 percent of the nozzles
and a gas temperature ‘of 20009 ¥; the rim may be cooled from 990° F
to 7600 P and the hot apot from 14502 F to 10800 ¥ (fig. 4). If both
fins and partial admisesion are used, the wheel rim (blade root) is :
cooled from 990° F to. nserly 600° F and the hot spot from 1450° F to T
nearly 1000° F. Thus fins on the rotor cool the blade root satis-
factorily but are not so effective on the hot spot. On the other
hend, partial admiesion of. cooling alr tends to coal the hot spot
better than the finning but is not so effective on the blade root.

»

If more than a few hundred degrees Fahrenheit of cocling are
required, other means than finning would probably be necessaxry. The
amounts indicated here could produce sowe improvemwent in efficiency
and a large incresse in durability of the wheel.

SUMMARY OF RESULTS

The following resulis were derived fromw calculatlons based on
an analysis of the cooling of am exhasust-gas turbine by addition of
fins, partial admission of cooling air, and change in thermal con-
ductivity of turbine components:
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1. -The dooling due to the addition of circumferentisl fins ia:-

L3

Exhaust- | Cooling Cooling
~ gas tem- ‘| at the ' {- at the
perature | hottest. blade
(eF) point. .| -root.-
(°F) |per- | (°F)|per-
_ Jjecent® cent®
1600 | 1C0| 8 150[ 1%
- 1800 | 120f{ 8 160 11
1 2000° |1l4a0| 8 | 1soj-11

temperature decrease
effective gas temperature - air temperature

8Percent cooling =

2. The cooling due to partial.admission of cooling air for an
exhaust -~gas. temperature of 2000° F is:

Nozzles used | Gooling Cooling
for cooling at the at the
{ percent} hottest blade
. _point root _
OF) |per- | (°F) | per-
cent cent
13 - 110 7 50t 3
26 230 | 14 140 8
40 370 | 22 220 | 13

3. When both cooling fins and partial admission of cooling ailr
are used at the same time, the resultant cooling 1s slightly less
than the sum of the separate amounts, that is, 210-o F and 350° F
for the first two cases compared with 2500 F and 3700 F.

CONCLUSIONS
l. If more than a few hundred degress of cocling of turbine

blades are required, other means than lndirect cooling with fins
on the rotor and outer blade flange would be neceseary.
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2. The amount of cooling indicated for the type of fimning used
could produce some improvement in eff;ciency and a large increase in
durability of the wheel,

3. If a large difference ilsg to exist between the effectilve
temnerature of the exhaust gas and that of the blade material, as
must be the cepe with present turbine materials and the high exhaust-
gas temperatures desired (2000° F and above), two alternatives are - —
sugpested:

(a) If metal with a thermal .conductivity comparable with copper
is used, then the blade tesmrseratures can be reduced by strong cooling
at both the blade tip and root. The center of the blade will be leas
than 200° F hotter than the ends.

(b) With low conductivity materials some method of direct cooling
other than partial admission of cooling air is essential.

4. From the present atudy, it can be deduced that indirect cooling
of turbine bladea will not meke poseible large incresases in effectlve
gas temperature. _ W

Alrcraft Bngine Resesrch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Onio.
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